Objective: Quantitative electroencephalography (qEEG) has been increasingly used to evaluate patients with attention deficit hyperactivity disorder (ADHD). The aim of this study was to assess the correlation between qEEG data and symptom severity in patients with ADHD. Methods: Fifteen patients with ADHD and 20 healthy controls (HCs) were recruited. Electroencephalography was assessed in the resting-state, and qEEG data were obtained in the eyes-closed state. The Korean version of the ADHD Rating Scale (K-ARS) and continuous performance tests (CPTs) were used to assess all participants. Results: Theta-band (4-7 Hz) power across the brain was significantly positively correlated with inattention scores on the K-ARS, reaction times and commission errors on the CPTs in ADHD patients. Gamma-band (31-50 Hz) power was significantly positively correlated with the results of the auditory CPTs in ADHD patients. The theta/alpha (8-12 Hz) and theta/beta (13-30 Hz) ratios were significantly negatively correlated with commission and omission errors on auditory CPTs in ADHD patients. No significant correlations between qEEG relative power and K-ARS and CPT scores were observed in HCs. Conclusion: Our results suggest that qEEG may be a useful adjunctive tool in patients with ADHD.
INTRODUCTION
Attention deficit hyperactivity disorder (ADHD) is one of the most common disorders treated by child and adolescent psychiatrists in America, affecting as many as 50% of patients admitted to child psychiatry clinics.
1) The Diagnostic and Statistical Manual of Mental Disorders fourth edition (DSM-IV) 2) estimated the prevalence of ADHD in school-age children as approximately 3-5%, and the prevalence of ADHD in Korea ranges from 4% to 5% among children.
3) According to the DSM-IV, patients with ADHD are characterized by developmentally inappropriate degrees of inattention, impulsivity, and hyperactivity in more than one environment. 2) Continuous performance tests (CPTs) have attracted increased attention as tools to assess the cognitive mechanisms associated with neuropsychiatric disorders, particularly ADHD. The ability to maintain an attention span is crucial for success in daily living and in learning essential academic skills in the classroom. 4) Children with ADHD have difficulty sustaining the attention required for completing demanding tasks, are inattentive to environmental cues, and suffer from concurrent impairments across multiple settings, including those involving academic tasks and peer relationships. Thus, identification of the mechanisms responsible for regulating and maintaining sustained attention and effort have been key components of theories attempting to elucidate the etiology of ADHD. 5) Electroencephalographic (EEG) studies provide useful information about the brain function of ADHD patients. The resting-state EEG is a useful source of information regarding background brain functions, indicating the sub-strates of cognition and behavior. Barry et al. 6) reported that elevated relative theta power, reduced relative alpha and beta power, and elevated theta/alpha and theta/beta ratios in resting-state EEGs were the most common findings associated with ADHD. Chabot and Serfontein 7) revealed EEG differences between 407 children diagnosed with ADHD according to The Diagnostic and Statistical Manual of Mental Disorders third edition (DSM-III) criteria. Children with ADHD showed increased absolute and relative theta power in the frontal brain regions, and patients with ADHD exhibited cortical EEG slowing during the performance of different tasks and under different conditions. This was reflected in a significant increase in the activity in the lower frequencies of human EEGs, primarily in the theta range, and reductions in the amplitudes in the beta range. [7] [8] [9] [10] Most previous EEG studies of ADHD have focused on band power, ratio coefficients, and consistency between patients and healthy controls (HCs). Few studies have reported on relationships between qEEG and CPTs. Song et al. 11) found that methylphenidate induced a significant increase in alpha and beta activities and a reduction in theta activities and in the theta/beta ratio in certain brain areas during CPTs. However, no significant qEEG changes were induced by administration of methylphenidate in the resting state. Well-structured studies elucidating the relationship between neurocognitive functions and qEEG are therefore lacking.
Our study was designed to examine the relationship between cognitive performance tests and qEEG during the resting state, which is the most important measure in ADHD studies. 6) We hypothesized that: (1) the symptom severity of ADHD patients will be positively related to theta-wave activities, and (2) qEEG data will be significantly correlated with the results of CPTs in patients with ADHD.
METHODS

Subjects
Fifteen patients with ADHD (mean age=9.8±1.61 years) and 20 HCs (mean age=9.4±0.88 years) were recruited from Department of Psychiatry, Inje University Ilsan Paik Hospital. All patients were diagnosed following a semistructured clinical interview conducted by child and adolescent psychiatrists using the Korean-Schedule for Affective Disorders and Schizophrenia for School-age Children (K-SADS), and those who met DSM-IV text revision criteria for ADHD were invited to participate in this study. All patients with ADHD had been drug-naïve for at least 2 weeks. Exclusion criteria included the presence of any of the following: an identifiable neurological disorder, a head injury, mental retardation, an identifiable psychiatric disorder other than ADHD, and a physical illness that could affect cognitive function or cause hearing loss. We obtained written informed consent from all participants as well as from the next of kin, caretakers, or guardians of all minors/children enrolled in our study before any study-related tests were performed. The study protocol was reviewed and approved by the institutional review board of Inje University Ilsan Paik Hospital (IRB number: IB-1101-008).
The 20 HC subjects were recruited from the community around the hospital. They were examined with the Structured Clinical Interview for DSM fourth edition (SCID) to screen out those with a personal history of psychiatric or neurological abnormalities. Reliable informants were also interviewed to acquire additional information regarding the cognitive and functional capacity and medical history of the subjects. Only males were included in this study because of the predominance of males among hyperactive children. 12) The demographic data for the study and control groups are summarized in Table 1 ; no significant differences in age and gender were observed between the two groups.
Neuropsychological Measurements
All ADHD subjects and their next of kin/parents/guardians completed a comprehensive and standardized battery of psychological tests, including the Korean Educational Development Institute's Wechsler Intelligence Scales for Children (KEDI-WISC-II) and the Korean version of the ADHD Rating Scale (K-ARS) parent form, respectively. The KEDI-WISC-II tests vocabulary, arithmetic, picture arrangement, and block design, 13) whereas the ARS is a behavior-rating scale consisting of 18 items, 9 of which address inattention and 9 of which address hyperactivity/ impulsivity. K-ARS for parents and teachers are highly valid and reliable. 14) A computerized CPT 15) was used to measure inattention, impulsivity, and sustained attention deficits in children with ADHD. The ADHD Diagnostic System (ADS), which was used as a CPT, is a standardized diagnostic system, and its validity and reliability have been well established in Korean patients with ADHD. 16) This instrument consists of auditory and visual tests focused on three major variables: (1) omission errors (inattention), (2) commission errors (impulsivity), and (3) reaction times (information processing and motor reaction speed).
EEG Recording and qEEG Analysis
The subjects were seated in a dimly lit and sound-attenuated room. Subjects were positioned approximately 100 cm from a 17-inch CRT-monitor. The resting-state EEG was recorded with subjects' eyes open and eyes closed for 3 minutes each. EEG signals were recorded using a NeuroScan SynAmps 2 amplifier (Compumedics, El Paso, TX, USA) from 62 surface electrodes (FP1, FPZ,  FP2, AF3, AF4, F7, F5, F3, F1, FZ, F2, F4, F6, F8, FT7,  FC5, FC3, FC1, FCZ, FC2, FC4, FC6, FT8, T7, C5, C3,  C1, CZ, C2, C4, C6, T8, TP7, CP5, CP3, CP1, CPZ, CP2,  CP4, CP6, TP8, P7, P5, P3, P1, PZ, P2, P4, P6, P8, PO7,  PO5, PO3, POZ, PO4, PO6, PO8, CB1, O1 , OZ, O2, and CB2) mounted on a Quik-Cap (Compumedics) according to the extended international 10-20 placement scheme. The ground electrode was placed on the forehead, and the reference electrodes were located at the CZ electrode. The vertical electro-oculogram (EOG) was recorded using bipolar electrodes; one was located above and one was located below the right eye. A horizontal EOG was recorded at the outer canthus of each eye. The impedance of the electrodes was maintained at less than 5 kΩ.
EEG data were recorded with a 0.1-100 Hz band-pass filter at a sampling rate of 1,000 Hz. EEG data were initially processed using Scan 4.3. Eye movements were visually screened and eliminated by one expert EEG operator. In this study, we analyzed the resting EEG data with eyes closed. EEG data were initially referenced to an average reference and divided into epochs with a length of ∼2 s (2,048 points). Epochs with signals exceeding ±150 μV on any channel were eliminated from the analysis. A total of 30 epochs (∼60 s) were prepared for each subject.
Fast Fourier transformation was performed on 62 electrode channels divided into five frequency bands: delta (1-3 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta (13-30 Hz), and gamma (31-50 Hz). Then, the relative power of each channel was calculated by dividing each band power by the total power of the channel. The relative power of three electrodes was averaged into six regions. Six regions were selected for further analysis ( Fig. 1) : left frontal (AF3, F3, and F5), right frontal (AF4, F4, and F6), left central (C3, C5, and CP3), right central (C4, C6, and CP4), left parieto-occipital (P5, P7, and PO7), and right parieto-occipital (P6, P8, and PO8). The division and selection of these regions were based on a previous qEEG study. 17) The relative global band powers were calculated over 62 electrode channels and then averaged. 18, 19) We used the relative power in the present study because its effects have been more stable in terms of relative power than in terms of absolute power according to a previous ADHD study. 20) 
Statistical Analysis
Chi-square ( 2 ) tests were used for the analysis of categorical variables. Independent-sample t-tests were used to compare the demographic and clinical data of the two groups. Spearman's correlation analysis was performed to evaluate the relationship between qEEG and ADS test scores in ADHD patients. The bootstrap resampling technique (n=5,000) was used to correct multiple correlations. The significance level was set at p＜0.05. Statistical analyses were performed using PASW Statistics software (version 18.0; IBM Co., Armonk, NY, USA).
RESULTS
The ADHD group consisted of 15 subjects (mean age=9.8±1.61 years, all male), and the HC group consisted of 20 subjects (mean age=9.4±0.88 years, all male). No significant differences in the demographic characteristics and KEDI-WISC-II intelligence quotient (IQ) scores were observed between the two groups. However, we found significant differences between the two groups' K-ARS scores, as the ADHD group scored higher with regard to both inattention (14. df=33, p＜0.012) . However, no inter-group differences in gamma, beta, alpha, theta, and delta frequencies were observed. We believe that this was a result of not subcategorizing subjects according to inattentiveness, overactivity, and impulsiveness due to the small sample. Demographic information, neuropsychological test scores, and qEEG data for the ADHD and HC groups are presented in Table 1 . Table 2 shows the correlational patterns between qEEG relative power and K-ARS and CPT scores in ADHD patients. Significant correlations were found in the power of the theta band in patients with ADHD. The theta power in ADHD patients was positively correlated with their inattention scores on the K-ARS. This significant correla- tion was found in the left frontal (r=0.604, p=0.015), the right frontal (r=0.608, p=0.022), and the left central (r=0.799, p=0.003) regions. The theta/alpha ratio reflected a significant positive correlation with the inattention scores on the K-ARS in the right central (r=0.543, p=0.037) region. Fig. 2 presents the scattergrams, which show significant correlations between theta power and inattention scores on the K-ARS in the frontal region.
Correlations between qEEG Data and Neuropsychological Scores
Furthermore, the theta power in ADHD patients was positively correlated with reaction times in the visual CPT. The analysis revealed that theta power was significantly correlated with the global (r=0.679, p=0.022), left central (r=0.729, p=0.011), and right central (r=0.729, p=0.011) reaction times to the visual CPT regions. Fig. 3 presents the scattergrams, which show significant correlations between theta power and reaction times to the visual CPT in the central region.
The power of the gamma frequency band was significantly positively correlated with commission errors on the auditory CPT in the right central region (r=0.781, p=0.005).
We found no significant correlations between qEEG relative power and K-ARS and ADS test scores in HCs.
DISCUSSION
Our study was designed to examine the relationship between a specific band of qEEG power and various psychometric variables, such as inattention, hyperactivity, and the components of CPTs among ADHD patients. Among patients with ADHD, (1) theta power across the brain was significantly correlated with K-ARS inattention scores; (2) theta power was significantly positively correlated with reaction times on the CPT; (3) gamma-band power was significantly positively correlated with commission errors on the auditory CPT; and (4) theta/alpha and the-ta/beta ratios were significantly negatively correlated with both commission and omission errors on the auditory CPT.
Theta power in ADHD patients was significantly positively correlated with inattention scores on the K-ARS, which is standardized in Korea and known for its high validity and reliability. In particular, significant correlations were found in the left and right frontal and the left central regions, and the theta/alpha ratio showed a positive relationship in the right central region. These findings are consistent with the results of previous studies. Clarke et al. 20) reported that children with ADHD exhibited increased absolute and relative theta power and reduced relative alpha and beta power compared with children without this disorder. Barry et al. 6) concluded that the elevated relative theta power and the reduced relative alpha and beta power were most reliably associated with ADHD. Several other investigators have hypothesized that ADHD involves structural and functional brain abnormalities in the frontal-striatal circuitry.
21) Mattes 22) found that ADHD is a brain disorder affecting the prefrontal cortex, and Barkley 23) emphasized the central role of attention and executive dysfunction in children diagnosed with ADHD. Our results support a previous hypothesis that frontal and central regional brain deficits are major pathological factors in patients with ADHD.
We found a significant positive correlation between theta power and reaction times to visual tasks in ADHD patients. These findings are consistent with those of a previous study of 53 children with ADHD that found that reaction-time variability was an ubiquitous and robust phenomenon in children with ADHD. 24) Chee et al. 25) examined 51 ADHD patients and confirmed that they had slower reaction times in CPTs than did normal controls. Williams et al. 26) also explored the inconsistency in fast and slow reaction times in 72 adolescents and highlighted the importance of fluctuations in cognitive performance in ADHD patients, which affected the fast and slow portions of the reaction-time distribution.
We also found that gamma power was significantly positively correlated with commission errors on the auditory CPT in the right central region of children with ADHD. These results seem to confirm previous reports that auditory gamma-band responses reflect impaired motor inhibition and that one mechanism underpinning the early etiology of ADHD is impaired processing of auditory stimuli. 27) Choi et al. 28) investigated resting-state EEG activities in subjects with Internet addiction and reported that the study group showed increased gamma-band activity compared with normal controls. In addition, the authors found that gamma EEG activities were significantly associated with the severity of Internet addiction as well as with the extent of impulsivity. Lenz et al. 29) revealed a strong task-related enhancement in the gamma-band responses in the parieto-occipital areas in ADHD patients. These authors found that the augmentation of gamma power was not associated with cognitive performance, whereas healthy subjects exhibited a strong positive correlation between gamma activity and cognitive performance. They interpreted these findings as evidence of enhanced excitation levels and unspecific activation of processing resources in ADHD patients. Therefore, in contrast to healthy controls, the increased gamma-band power of patients with ADHD or Internet addiction seemed to be related to impulsivity and disinhibition, which caused increased commission errors during auditory CPTs.
In this study, the theta/alpha and theta/beta ratios were significantly negatively correlated with commission and omission errors on the auditory CPT, which seems to contradict our assumption that theta power may reflect the severity of ADHD symptoms. However, it has been suggested that auditory commission and omission errors have a stronger relationship with the intellectual ability of subjects rather than with their ADHD symptoms. Park et al. 30) reported that highly intelligent ADHD patients, with IQs of 120 and above, performed better that normally intelligent ADHD patients, with IQs between 70 and 120, with respect to errors of omission and commission on visual-auditory CPTs, even after controlling for age and gender (n=266, aged 5-15 years). Our study also supports findings of significant negative correlations between IQ and visual omission errors (r=−0.783, p=0.007), and our results suggest a need to standardize the commission and omission variables of CPTs in relation to IQs.
Although our study demonstrated a strong relationship between the EEG results and psychometric scores of patients with ADHD, it also has several limitations. First, we did not stratify our analysis according to ADHD subtype because we studied a relatively small sample. ADHD has three subtypes based on two behavioral dimensions: inattentiveness, hyperactivity/impulsiveness, and both. 31) The inattention dimension includes difficulty sustaining attention, distractibility, lack of persistence, and disorganization. The hyperactivity/impulsiveness dimension includes excessive motor activity and impulsive responses. 32) Therefore, we could not identify potential differences among the three subtypes of ADHD. Further research is required to elucidate the relationship between EEG results and ADHD subtypes. Second, we could not analyze caus-al relationships between EEG data and ADS scores with regard to such parameters as reaction times and errors of omission and commission. Third, because only the ADHD patients performed CPTs, we were not able to study differences between the study and control groups in this regard. Finally, we used 60 s of EEG data in this study, but data gathered during a longer period of time would produce more reliable results. 33) In conclusion, we found a significant positive correlation between theta-band power and the inattention scores on the K-ARS in the frontal and the central regions of patients with ADHD. In addition, theta power was significantly positively correlated with reaction times and commission errors on CPTs. Moreover, increased gamma power was positively correlated with auditory commission errors in the right central region. Our results suggest that the qEEG of the resting EEG may be a useful clinical correlate of ADHD.
